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Evolution: When was life’s first branch point?
Brian Golding
A recent analysis of protein sequences from diverse
organisms has estimated that all extant species share a
common ancestor that lived only 2 billion years ago; but
how can this be squared with the fossil evidence that
complex cells existed up to 3.5 billion years ago?
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In the early 1970s, the earliest branching point of life was
estimated to have occurred 1.3–2.6 billion years ago. Since
then, both biologists (studying the diversity of life) and
geologists (studying the fossil record and geochemical
processes) have estimated the age of the earth at ~4–4.5
billion years, and the beginning of life and its diversifica-
tion soon after, at anywhere from 3.1–3.9 billion years ago.
The use of protein sequence information to date the
divergence of organisms has only recently become possi-
ble, with the development of molecular techniques that
permit protein sequences to be determined from many
organisms. In a recent paper, Doolittle and his colleagues
[1] report molecular evidence that they use to estimate the
date of life’s earliest branching point at about 2 billion
years ago. That this tool would estimate such a relatively
short time period for life was unexpected.
Phylogenetic analysis attempts to reconstruct the histori-
cal branching patterns that have led to extant species. A
natural part of this effort is the placing of an absolute time
estimate on these branch points. But attempts to do this
are often confounded by the enormous time periods that
separate the major branches of life. Even the time back to
the last common ancestor of man and chimpanzees —
which are close relatives — extends over millions of years.
But more generally, our attempts are fundamentally ham-
pered by a lack of understanding of how evolutionary
change occurs.
The fossil record is, therefore, still the best method to
date divergences between species. But it is very poor
beyond 500 million years ago, and many organisms are not
easily fossilized. The earliest potential fossils that have
been identified as eukaryotic organisms have been dated
at less than 2 billion years old. They are thought to be
eukaryotic in origin because of their greater size and mor-
phological complexity. Extending further back in time,
the stromatolite-like fossils, which have been dated as
being from 2–3.5 billion years old, have been attributed to
prokaryotic organisms akin to the modern group of
cyanobacteria. There are also other microfossils that have
been suggested to be as old as 3.5 billion years.
Unlike estimates obtained from the fossil record, branch-
point dates can be determined from a phylogeny only by
indirect means. This is done by examining the changes in
characters between species. The next step is to use exter-
nally determined dates — such as evidence from the
fossil record, dates from the formation of geographic barri-
ers, and so forth — to calibrate this rate of change. Once
calibrated by a few points, the amount of character diver-
gence can be used to calculate the time since two species
last had a common ancestor.
Doolittle et al. [1] have carried out such an estimation on a
grand scale. They collected sequences from 57 different
enzymes from a variety of organisms that spanned the
diversity of eukaryotic, eubacterial and archaebacterial
life. For all of these sequences they calculated distances
between pairs of species. These distances were then
plotted against known times of divergences (an example
from their data is given by the middle line in Fig. 1); it is
Figure 1
Regression analysis of protein sequence distances and divergence
dates. The middle line (red) is reproduced from Doolittle et al. [1] and
shows the average divergences of archaebacteria and eukaryotes
(A/E) and of eubacteria and eukaryotes (B/E). The upper line (blue)
shows similar results for Hsp70 sequences, and the lower line (green)
shows similar results for ATPase sequences. The solid lines are least
squares regressions while the dotted lines are extrapolations of these
regressions. The regression line for the ATPase sequences suggests
that the branch point between eubacteria and eukaryotes occurred
5.6 billion years ago.
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an assumption of the method that these dates are correct.
Doolittle et al. [1] used the best available estimates for the
divergence times of mammalian orders (100 million years
ago (mya)) and eutherian/marsupial animals (130 mya),
and several others with the most ancient being the chor-
date/ echinoderm divergence (560 mya). A regression was
calculated for these sequence divergences and dates, and
this relationship was then extrapolated much further back
in time using the observed divergences between more
distantly related organisms.
Using this approach, Doolittle et al. calculated an average
sequence divergence between fungi and animals, and
placed this onto the predicted regression line. The result-
ing date suggests that fungi and animals diverged about
965 mya. They similarly suggest that plants and
fungi/animals diverged about 1000 mya. Extending this
methodology even further back in time, they conclude
that the archaebacteria and eukaryotes diverged
1870 million years ago. This is consistent with the archae-
bacteria being the closest relative of eukaryotes [2]. The
earliest branch point for life is then the divergence
between the archaebacteria/eukaryotes and the eubacteria
— which Doolittle et al. [1] estimate occurred 2156 million
years ago.
These dates are generally much more recent than previ-
ously expected. Indeed, at the opposite end of the scale,
Woese [3] originally suggested that the eukaryotes, archae-
bacteria and eubacteria might have existed as distinct
domains of life very soon after life first arose, possibly 3.5
billion years ago. Doolittle et al. [1] found other surprising
results. For example, their analysis places the slime mold
Dictyostelium outside of the other protists and closer to the
animal lineage. Giardia lamblia, thought to be a primitive
eukaryote, is found to be no more divergent than other
protists. Also interesting is that the gram-positive, gram-
negative and cyanobacteria — which constitute an
extremely diverse collection of eubacterial life — are esti-
mated to have diverged from each other only 1450 million
years ago.
The interpretation that Doolittle et al. [1] put on their
results also appears to challenge the fossil record. Tradi-
tional phylogeny and divergence dates are qualitatively in
agreement with the fossil record, except for the lack of
very old eukaryotic fossils. But this exception is removed
by the recent evidence of a chimeric origin for eukaryotes,
as if they are chimeric organisms the eukaryotes would not
be recognizable in the fossil record until after the event
that created the original chimera occurred [4,5]. If the
interpretation of the fossil record is truly incorrect, then
we must explain the geologic features that apparently
suggest the existence of ancient microfossils, and why life
arose so long (1.5 billion years) after the formation of the
earth and then rapidly diverged into the major domains of
life — eukaryotes, archaebacteria and eubacteria, each of
which have left survivors to this day — within the compar-
atively short time frame of 286 million years.
If the interpretation of the fossils is correct, then life has
existed for 3.5 billion years, and if these divergence esti-
mates are correct then we must explain the more ancient
evidences of life on this planet. If the first divergence only
occurred about 2 billion years ago, then we must assume
that only a single lineage has survived past this 2 billion
year horizon. And for another 500 million years, only a
single eubacterial lineage left descendants. Why were
none of the other life forms able to leave living descen-
dants? Some of these ancient fossils, such as the stromato-
lites, appear to resemble living cyanobacteria. But it is not
thought likely — at least, by some — that cyanobacteria
are the ancestral form of all eubacteria and archaebacteria,
as would be required if the conventional interpretation of
the fossil record is to be reconciled with the conclusions of
Doolittle et al. [1]. The earliest organisms probably did not
have the ability to photosynthesize (a complicated
phenomenon), but rather were heterotrophic, scavenging
their energy needs.
But are these estimates correct? There are a variety of
potential problems with the described methodology
(many of which Doolittle et al. [1] attempt to address in
their paper). A major problem in this regard is a total lack
any statistical validation of the time estimates. This is in
part because it is not clear how to obtain statistical valida-
tion. The divergence estimates have largely unknown
errors — the fossil dates used to calibrate the clock have
unknown errors, and the data points themselves are not
independent and hence resampling them may not lead to
accurate statistical information. There are also problems
with choosing a correct scale of measurement for the dis-
tances, with sites in a sequence that have different muta-
bilities, with correcting for sites that are free to change
versus those that cannot, and with correcting for ‘covari-
ons’, sites that cannot change until some other, specific
site is changed [6].
There are also other types of potential problem. One is
the consistency of these estimates with estimates that
have been obtained from other sequence data. Many of
the proteins commonly used to study ancient divergences
were not included in Doolittle et al.’s analysis. Two of
these are the 70 kDa heat shock proteins (Hsp70s) and the
ATPases. The upper line in Figure 1 shows an extrapola-
tion based on Hsp70 sequence. Because of rapid recent
change, it suggests that the eukaryote–eubacteria diver-
gence occurred a billion years later than Doolittle et al.’s
estimate [1]. On the other hand, the ATPase sequences
suggest that the eukaryote–archaebacteria divergence
occurred a billion years earlier. While Doolittle et al.’s
results are averages from a large sample of proteins,
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Hsp70s and ATPases are commonly analyzed because
they are well-conserved proteins that are comparatively
well understood. Other very conserved proteins give simi-
larly divergent answers (data not shown). These two pro-
teins were chosen because they bracket Doolittle et al.’s
result, and yet they seem to demonstrate more than just a
problem of variability in this methodology.
As another example, an analysis by Vanfleteren et al. [7]
using cytochrome c and globin sequences gave a date sug-
gesting that the nematodes diverged from the rest of the
animals 1.04–1.14 billion years ago. But according to the
dates estimated by Doolittle et al. [1], this would be before
the divergence of fungi and animals — in fact, it would
even predate the divergence of plants and fungi/animals.
Clearly there is a problem, but if this is just noise then, at
the very least, Vanfleteren et al.’s result would again
suggest a particularly rapid divergence of all major types of
eukaryotes shortly after the taxa itself was created.
Why might there be such inconsistencies? Doolittle et al.
[1] assume a constant rate of sequence change and approx-
imate uniformity of the replacement process. They
attempt to correct for some of these effects and note, for
example, that fungi appear to be evolving quickly and
hence they branch the fungi from a common ancestor with
animals, rather than from a common ancestor of both
plants and animals as suggested by their pairwise dis-
tances. They also justify the relative constancy of rate in
two ways: by observations and by the fact that they are
dealing with averages of many values. The authors note
that, for many of the divergences measured, the distances
to each of the descendants appear to be relatively constant.
However, Gillespie [8] has shown that any substitution
process will have the appearance of a regular molecular
clock if the process has a long scale of divergence with a
small rate of change. This also implies that statistical tests
of this assumption might have little power.
It is quite plausible (though there is little evidence one
way or the other) that the rate of recent sequence evolu-
tion in eukaryotes is more rapid than it has been in the
past. Indeed the suggestion has been made that rates of
evolution might be correlated with ecological complexity
[9,10]. If this were the case, then a branching pattern such
as that in the upper diagram of Figure 2 would be
observed. Recently diverged species would have large dif-
ferences between their protein sequences relative to their
actual dates of divergence. If this rate is used to extrapo-
late to more ancient divergences, a relatively recent date
would be falsely inferred.
On the other hand, it is possible that eukaryotes have in
recent times evolved more slowly than in the more distant
past, as in the lower diagram in Figure 2. In this case, using
current rates to calibrate past dates would lead to predicted
divergence times that are more ancient than the actual
divergence times. We do know that different lineages
evolve at different rates. We know that evolutionary rates
change over time in different proteins. Hence it would
appear not to be possible to extrapolate current rates of
change into the past. If some proteins have had periods of
rapid change and others have had periods of slow change,
can an average based on still other proteins give an accu-
rate measure? It is not known how these differences will
affect such grand averages and extrapolations. 
Given the assumption that rates can be extrapolated into
the past, they must also be extrapolated between taxa.
There have been many studies that have demonstrated
rate variation among lineages (reviewed in [11]). Hence, it
is quite feasible that plants have a distinct rate of evolu-
tion, that animals have a different and equally distinct
rate, and that other groups (and subgroups within these)
each have their own rates. Doolittle et al. [1] have aver-
aged many of these rates, but this does not imply that this
average rate applies to the ensemble or to the other organ-
isms that existed prior to 500 million years ago, nor to
organisms that are physiologically and ecologically quite
distinct. Doolittle et al [1] place the divergence between
the bacterial species Escherichia coli and Salmonella
typhimurium at 100 million years ago, based on the eukary-
otic rate of substitution. But it could be substantially
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Figure 2
The upper diagram shows the kind of phylogenetic tree that would be
inferred if the rate of sequence evolution is increasing over time. The
lower diagram shows the kind of tree that would be inferred if the rate
of sequence evolution is decreasing over time.
© 1996 Current Biology
larger or smaller, depending on their unique rate of evolu-
tion. As a lineage, they could be evolving more quickly or
more slowly, just as Doolittle et al. [1] note for fungi.
Molecular evolution is advancing at a hectic pace and has
uncovered new processes and phenomena. But the molec-
ular data are growing at an even faster pace (as I write this,
the project to sequence the complete genome of the
budding yeast, Saccharomyces cerevisiae, has been com-
pleted [12]). Certainly these data and analyses such as that
of Doolittle et al. [1] will lead to many more questions.
Foremost among these should be — is it even possible to
date ancient divergences?
Acknowledgements
The author thanks R.S. Gupta and R. Morton for their comments, and is
supported by a Natural Sciences and Engineering Research Council of
Canada grant and by the Canadian Institute for Advanced Research.
References
1. Doolittle RF, Feng DF, Tsang S, Cho G, Little E: Determining
divergence times of the major kingdoms of living organisms with
a protein clock. Science 1996, 271:470–477.
2. Iwabe N, Kuma K-I, Hasegawa M, Osawa S, Miyata T: Evolutionary
relationship of archaebacteria, eubacteria, and eukaryotes
inferred from phylogenetic trees of duplicated genes. Proc Natl
Acad Sci USA 1989, 86:9355–9359.
3. Woese CR: Archaebacteria. Sci Am 1981, 244:98–122.
4. Gupta RS, Golding GB: Evolution of HSP70 gene and its
implications regarding relationships between archaebacteria,
eubacteria and eukaryotes. J Mol Evol 1993, 37:573–582.
5. Golding GB, Gupta RS: Protein based phylogenies support a
chimeric origin for the eukaryotic genome. Mol Biol Evol
1995,12:1–6.
6. Fitch WM: Rate of change of concomitantly variable codons. J Mol
Evol 1971,1:84–96.
7. Vanfleteren JR, van de Peer Y, Blaxter ML, Tweedie SAR, Trotman C,
Lu L, van Hauwaert ML, Moens L: Molecular genealogy of some
nematode taxa as based on cytochrome c and globin amino acid
sequences. Mol Phyl Evol 1994, 3:92–101.
8. Gillespie JH: The molecular clock may be an episodic clock. Proc
Natl Acad Sci USA 1984, 81:8009–8013.
9. Knoll AH: Proterozoic and early Cambrian protists: evidence for
accelerating evolutionary tempo. Proc Natl Acad Sci USA 1994,
91:6743–6750.
10. Schopf JW: Disparate rates, differing fates: tempo and mode of
evolution changed from the Precambrian to the Phanerozoic. Proc
Natl Acad Sci USA 1994, 91:6735–6742.
11. Gillespie JH: The Causes of Molecular Evolution. New York: Oxford
University Press; 1991.
12. Johnston M: The complete code for a eukaryotic cell. Curr Biol
1996, 6:500–503.
682 Current Biology 1996, Vol 6 No 6
